In this work, particleboards manufactured with Oceanic Posidonia waste and bonded with cement are investigated. The particleboards are made with 3/1.5/0.5 parts of cement per part of Posidonia waste. The physical properties of bulk density, swelling, surface absorption, and dimensional changes due to relative humidity as well as the mechanical properties of modulus of elasticity, bending strength, surface soundness, perpendicular tensile strength and impact resistance are studied. In terms of the above properties, the best results were obtained for particleboards with high cement content and when the waste "leaves" are treated (crushed) before board fabrication, due to internal changes to the board structure under these conditions. Based on the results of fire tests, the particleboard is non-flammable without any fire-resistant treatment. 
INTRODUCTION
Oceanic Posidonia (PO) is a Mediterranean marine plant with leaves that are 0.8-1.5 cm wide and 80-120 cm long. It grows in undersea meadows at depths ranging from zero to 40 meters. These meadows have a notable ecologic importance since they are a good indicator of water quality. Each year in the fall, these plants lose a significant part of their leaves, between 10 and 20 THa. A part of this loss is swept up by tides and accumulates on beaches as berms. Although these accumulations serve to protect beaches from erosion, they are systematically removed from tourist beaches. The removal is performed by heavy machinery that causes a significant loss of beach sand. Additionally, PO disposal is expensive due the high cost of treatment and the great volume of PO waste generated.
With the recent trend toward reduction of the use of raw materials and the problems associated with waste disposal, the recycling of PO waste into a useful material would be beneficial. The construction industry, in particular, could benefit from waste recycling of this resource, because of the large volume of material that it requires. Previous studies have investigated PO waste as a component of cement mortar. The PO waste, incinerated at up to 800 °C, exhibits mineralogical properties similar to DL-80 construction lime, and has cementitious properties (1) . The substitution of up to 10% of cement by PO ash is in compliance with the minimum requirements established for cement (2) .
Due to the high demand of wood, many studies have looked at the incorporation of waste in particle board manufacturing. In 2010, wood production for timber and industrial purposes reached 17569000 m 3 (3) in Spain. Cucumber stalks (4), sunflower stalks (5) and eggplant stalks with thermal adhesive (6) may be used to manufacture panels that can be utilized for general purposes and in indoor applications.
In addition to meeting the minimum requirements general purpose and indoor use, particleboards manufactured with tea leaf waste are more resistant to biological agents such as termites and decay-type fungi (7) than normally-manufactured particleboards. Thickness swelling of particleboards manufactured with pine needles is also improved (8) (9) ) when compared to those without pine needles.
Particleboards manufactured using up to 30% hazelnut husk (10) , up to 50% kiwi stalks (11) , or up to 13% waste grass clippings with eucalyptus (12) also achieve minimum particleboard conditions for general purpose and indoor applications.
The length of the wheat straw and corn stalks used in particleboards affects tensile and compressive strength (13) . These particleboards have shown better mechanical properties than those manufactured with other agricultural wastes (14) .
In view of the feasibility to using vegetable wastes for the manufacture of particleboards, the aim of this work is to fabricate particleboards with PO waste bonded with cement, study their physical and mechanical behaviour and compare their characteristics with the minimum requirements of various panels in general usage. In addition, we compare the flammability of these particleboards to other panels in usage.
EXPERIMENTAL PROGRAMME

Materials
The panels were prepared with Portland cement CEM 1/52.5 R according to the requirements of UNE UN 197-1 (15) . The PO residue was collected from beaches in the province of Alicante, Spain. After the leaf residue was collected it was spread on a mesh for a first drying. With the idea of extracting the Rhizomes, spheroids of large size, and any other part of the sample that did not form part of the leaf, a manual screening was performed. This also separated the sand from the leaf particles. The material was then introduced into an oven at 60 °C to make the drying process easier. This study examines the use of PO in two states, one being in the original state and morphology as collected from the beach (which will be referred to as PO-N from this point on) and the other in which the leaves have been ground by a cutting mill. For this second form the leaf particles were sieved to be sized between UNE 5mm and 1.25 mm. We refer to this state as PO-C from this point on. The PO used in this work is shown in Figure 1a .
Proportions and preparation of the PO cement boards
Six different mixes were prepared to fabricate and evaluate the properties of the PO panels. Details of the mixes are given in Table 1 . In all PO cement boards, the proportion of PO and water were maintained at the constant ratio of 1:2 (one part PO to two parts of water) to determine the effect of various quantities of cement on the mix. The large amount of water used in the manufacture of the samples was due to the high absorption of the PO. The ratios 3, 1.5, and 0.5 of cement to PO were used for making the PO cement boards. Higher proportions of cement in the panels caused an undesirable increase of density and lower quantities caused the collapse of the samples.
In order to simplify identification of the mix used in test sample preparation, the abbreviation "PO-N" is used for the test samples made with the natural leaf morphology and "PO-C" for samples made with the ground leaf morphology. The number following the abbreviation, either 30, 15 or 05, indicates the proportion of cement in the mix, either 3, 1.5, or 0.5, respectively.
The mixes for the specimens were made in two stages in order to improve the workability and to obtain complete mixing of the components. The cement and water were combined in the first phase of the cement batch. In this way, agglomeration during the mixing was avoided and a uniform distribution of the PO was achieved in the matrix. Afterwards, the PO was added little by little until the mix became uniform and homogeneous. At this point, it was poured into the moulds. Table 1 indicates the dimensions of the fabricated samples.
In order to accomplish the required dimensions for testing, the cement boards were manufactured by applying a load of 18 tons over a 24 hour period. This period was satisfactory to avoid deformation of the samples due to the decompression of the particleboard. At the end of this period, the PO cement boards were removed from their moulds (see Figure 1b) and no damage was observed. After removal from the moulds the cement boards were then set on wood sheets and remained there under controlled laboratory conditions (Relative Humidity = 65%, temperature = 20 °C) for a 24 hour period, after which they were turned upside down every two days so that the part of the sample contacting the wood wouldn't accumulate moisture. This procedure was continued up until the date of testing (90 days), in order to ensure proper setting and hardening and to reach a constant humidity in the particleboard.
After 28 days had passed, the next step was to cut the cement boards to obtain specimens of smaller dimensions as required by testing regulations.
Methods
Physical Properties
The tests to determine the physical properties of the particleboards were performed according to Spanish UNE norms as shown in Table 2 .
To study the porous structure of the particleboards, the Mercury Intrusion Porosimetry technique was employed using an Autopore IV 9500 Micrometrics porosimeter. This device can measure pressures up to 228 MPa, which permits pore analysis in the range of 0.005-180 µm. Test samples were obtained by extracting an interior fragment from one of the specimens described in the previous section, and analyzing the distribution of pores by size. The pore size distribution study was carried out assuming the following intervals: <100 nm, 100 nm -1 µm, 1-10 µm, 10 µm-0.1 mm and >0.1 mm.
Mechanical Properties
The tests used to determine the mechanical properties of the particleboards were carried out according to the norms shown in Table 3 . Figure 2 shows images of some of the mechanical tests that were performed on the PO particleboards.
The bending resistance and the bending modulus of elasticity were obtained by averaging the test results from three samples taken from three different particleboards. Figure 2 (a) shows the device used for measuring the force used to bending the particleboard. In order to calculate the bending strength according to UNE EN 310, the bending moment corresponding to the maximum load was determined from equation [1] . Knowing the change in load over the linear portion of the load deformation curve given by equation [2] , the bending modulus of elasticity (E m ) was determined.
where F máx is the rotational bending load of the sample, l 1 is the length between the supports (200 mm), b is the sample width (50 mm), t is the thickness (10 mm), (F 2 -F 1 ) is the change in load over the linear portion of the graph and (a 2 -a 1 ) is the change in deformation at the longitudinal midpoint of the sample.
Test samples were taken from three different particleboards. The surface soundness (SS) test for boards was conducted according to UNE EN 311. Square samples measuring 50 mm along each side and 10 mm in thickness were used in these tests. Figure 2 (b) shows the instrument used in the surface soundness test at the moment the mushroom-shaped pad is pulled free from the particleboard. The surface soundness was obtained from equation [3] .
Where F is the maximum force needed to pull the steel mushroom-shaped pad off the sample and A is the disc-shaped area that circumscribes the slot.
The force needed to pull out a standardized screw was also measured, where the force was aligned with the axis of the screw as required by the norms of UNE EN 320. Figure 2 (c) shows the apparatus used to test one of the PO particleboards. The force required to pull out the screw was determined from the mean of measurements taken from three samples.
The tensile strength perpendicular to the plane of the board (ƒ t ⊥ ) of the PO test samples was determined by applying the force uniformly until a rupture in the Fire-resistance, physical, and mechanical characterization of particleboard containing Oceanic Posidonia waste • 5 test sample, that is glued to the block, occurred. The test was repeated three times and the force was computed from the mean of the three results. Figure 2(d) shows one of the samples at the moment of rupture in one of the tests. The tensile strength was calculated according to the equation [4] .
Where F máx is the load that produces the rupture and a and b are the dimensions of the test sample in contact with the block.
Finally, we determined the hard body impact resistance (IR) according to rules given in UNE EN 1128. Again the hard body impact resistance is the average computed from three tests, each taken from a sample from a different PO particleboard. The calculation of the hard body resistance (IR) was computed with the equation [5] .
Where H is the height of the fall that produced the rupture or fissuring in the test simple and t is the sample thickness.
Flammability Properties. Reaction to fire.
Flammability tests are required for all construction products or structural elements. These tests evaluate the propensity of a material to spread a fire, and are designed to indicate whether the material is flammable or not.
The flammability tests for the particleboard samples were executed in accordance with the norms shown in Table 4 . The test samples were initially placed in a controlled environment at 23 °C with a relative humidity of 50% and were then brought to a constant mass.
In order to determine the calorific value of the specimens, they were first ground and burned under standardized conditions. This test determines the quantity of heat energy in a material that is available for combustion in the event of a fire. The calorific values are the mean results taken from measurements made on three test samples.
The epiradiator method was used to evaluate the indices of: ignitability (i), flame spread (s), maximum flame height (h) and combustion (c). Three samples were prepared for each particleboard in the same manner as that described in the previous test and these samples were then subjected to constant heat from a radiant heater for twenty minutes. During this time, the combustion of any released gases from the particleboards was observed as well as the spread of this combustion. The time necessary for combustion of the bottom and top faces of the specimen were noted, as well as the time at which the flames self-extinguished. The height of the flames was measured during each 30 second period. Furthermore, other aspects of the fire were noted, such as dripping, smoke emission etc.
In the single flame source test, the specimen is placed in a support in a vertical position (Figure 3) in the inside of a standardized chamber equipped with an exhaust hood. A mobile burner mounted on a horizontal plane is set so that the flame is at a 45° angle with the vertical axis. A stable 20 mm long flame is applied at a 16 mm distance from the specimen for 15-30 seconds, during which the quantity of falling particles and flaming drops are observed at the bottom of the chamber. The tests were carried out on two test samples for each type of particleboard.
The out-dated UNE 23727 (16) established the classes M0, M1, M2, M3 and M4 for materials based on their combustibility and flammability. This classification indicates the propensity of the material to assist the development of a fire, as may be observed in Table 5 .
A new Spanish classification has been established (royal decree R. D. 312-2005) which is consistent with the European norm UNE EN 13501 (17) . However, the relationship between classifications established in both norms applies to non-regulated materials ( Table 6 ).
The UNE EN 13501-1 norm requires that the tests be carried out under conditions consistent with the use of the product (coating for wall, ceiling, insulation, floor, etc.), including testing using typical sizing of the product. We decided to test the material according with the out-dated UNE 23727, based on available materials.
RESULTS AND DISCUSSION
Physical Properties
The physical properties of the particleboards are shown in Table 7 . Each result is the mean taken from three test sample measurements plus or minus a single standard deviation. The measured mean densities increase in proportion to the quantity of cement used in fabrication. The densities were similar for the PO-C and PO-N but the densities of the particleboards fabricated with modified PO (PO-C) were a little higher than those using PO in its natural state, principally due to the fact that the modified PO leaves were smaller, allow greater PO-C compaction. Table 7 gives the mean percent increase in particleboard thickness due to swelling after immersion in water. It is inversely related to the percentage of cement in the particleboard, because there is less binding material as the percentage of cement decreases. When panels absorb water they increase in volume. The dimensional stability increases when the cement content is increased. This may be explained on the basis that cement has low solubility in water, and therefore, may cover the PO particles reducing their absorption of water and preventing their expansion (18) . The particleboards with PO-C had a greater percent increase in swelling than those made with PO-N. These results confirm that the leaf geometry has an important effect on the dimensional stability of the particleboards. The incorporation of particles of long length tends to improve dimensional stability (19) . The specific surface of the PO-N is lower than PO-C because the leaves are both longer and larger. PO-C panels have a greater cement content per surface unit area. Additionally according to some authors (20) , increasing the density of the particleboard material results in a decrease in swelling. Comparing the results with wood-based panels, it may be seen that swelling in PO panels is lower than the maximum values required by norm in particleboards (21), medium density fibreboard (MDF) (22) , and oriented strand boards (23) .
In order to determine the dimensional variations of the test samples to changes in humidity, the samples were exposed to three separate environments composed of 30%, 65% and 85% relative humidity, respectively. Pans with solutions of glycerine and water were used to obtain the required relative humidities. It can be seen from Table 5 that humidity affects the PO-N particleboards less than the PO-C boards. Once again, the PO-C-05 boards exhibited the greatest dimensional variation, especially in high-humidity environments. Although one would expect a decrease in dimensional variation with increasing board density, a clear relationship was not identifiable from the data.
In order to determine the superficial absorption of the particleboards, a drop of toluene was allowed to roll down a test sample that was inclined at 60° with respect to the horizontal plane. The length of the coloured stain produced by the toluene was then measured, with a longer stain corresponding to a lesser surface absorption coefficient. The results for the surface absorption test show that increasing the percentage of cement in the particleboards decreases the measured surface absorption. Furthermore, the PO-C particleboards have a lower surface absorption than those made with PO-N. This is due to the fact that the PO-C particleboard structure is more 
Fire-resistance, physical, and mechanical characterization of particleboard containing Oceanic Posidonia waste • 7 compact than the PO-N structure. A practical consequence of the lower surface absorption associated with PO-C boards are the savings in reduced usage of lacquers and paints. The superficial absorption is not included in the norms of the particleboards but is helpful in evaluating the cost of painting or lacquering of the panels. The values shown in the Table 7 are typical in conventional panels.
Mechanical Behaviour
The mean bending strength, mean modulus of elasticity, and bending modulus of elasticity for PO-C and PO-N particleboards are shown in the bar graph in Figure 4 . Both bending strength and the modulus of elasticity increase in proportion to the amount of cement in the particleboard.
No significant variations in these results have been obtained from the different PO-C and PO-N particleboards. For the bending strength, the average values increase considerably with the amount of cement ranging from PO-05 to PO-15 in samples. However, only a slight increase was observed between the PO-15 to PO-30 samples. In comparison with the minimum required values for particleboards, MDF (lightweight L-MDF and the panels used in rigid underlay's MDF-RWH) and OSB, it may be observed that the PO-N and PO-C panels do not fulfill the minimum requirements established for particle board panels.
Likewise, the values of the bending modulus increase considerably from the PO-05 to PO-15 panels. A slight increase is observed from PO-15 to PO-30, excluding the PO-C-30 sample whose average value was 1930 MPa, however, a significant variability in results for this parameter were probably due to the manual manufacture of the panels. Comparing those results with the minimum requirements of commercial panels, PO-15 and PO-30 exceed the bending modulus of elasticity of the OSB panels. Figure 5 is a bar graph that shows the average results of the surface soundness (SS) test for each of the PO particleboard configurations studied. As may be observed, the surface soundness increases with cement content for both of PO board types, however, the increase was more marked in the case of the PO-C particleboards. The results indicate that the PO-C-30 particleboard had a higher SS than the rest of the particleboard configurations, reaching a maximum of 0.4 MPa. Increasing surface soundness in particleboards made of a more compact and dense material is to be expected. Figure 6 illustrates the mean force (aligned with the screw axis) required to withdraw a screw from each of the particleboard configurations as measured in the test described in section 2.2.2. The mean withdrawal force increases with increasing cement content in the particleboards. As shown by the results in the Figure 6 , the PO boards with minimal amounts on cement required only a very small amount of force for screw withdrawal. The PO-N-15 y PO-N-30 particleboards showed about a 20% increase in withdrawal force while the withdrawal force for the PO-C-15 y PO-C-30 particleboards almost doubled with increasing cement content. This is due to the fact that the more compact structure of the PO-C particleboard allows for more contact area between the particleboard and the screw, due to the diminished sizing of the PO in the PO-C boards as compared to the PO-N boards. Figure 7 shows the mean tensile strength perpendicular to the plane for each of the PO-C y PO-N particleboards tested. The PO-C-05 and PO-N-05 particleboards collapsed upon testing. For this test, increasing the cement in the PO particleboards slightly increases the mean tensile strength perpendicular to the plane. In spite of this, there is still a significant influence of leaf morphology on the results. The tensile strengths of the PO-N particleboards were much lower than those of the PO-C particleboards. The PO-N boards were fabricated with leaves in their original state, very much larger than those of the PO-C boards (5 to 1.25 mm). In the PO-N board, the leaves are distributed in interconnected layers within the laminar structure of the board, leading to planes of weakness and a resulting lack on tensile strength for this type of board. On the other hand, the PO Fire-resistance, physical, and mechanical characterization of particleboard containing Oceanic Posidonia waste • 9 distribution in the PO-C boards is a random distribution of small particles leading to a compact structure, without areas of weakness. Additionally, the reduction of the particles' width results in better cohesion at the core of particleboard (24) . As may be observed, PO-C-15 and PO-C-30 exceed the minimum requirements established for OSB panels. Figure 8 shows a bar graph of the mean hard body impact resistance for each of the studied board configurations as well as the mean depth of the indentation left by the hard body when penetration occurred. From the data, it may be observed that the resistance to a falling hard body is somewhat independent of both the quantity of cement and the leaf morphology used in PO particleboard fabrication. As expected, the test samples with lesser amounts of cement sustained a larger indentation before sample breakage, from which it may be deduced that the PO produces a damping effect, allowing these samples to better absorb the impact. The PO-N samples, with PO in its natural state, exhibited a greater damping effect than those with the ground PO (PO-C). Figure 9 is a bar graph showing the pore size percentages in terms of the intervals given in section 2.2.1, for each of the PO particleboard configurations. In the particleboards made with modified PO, an evident change exists in the porous structure with increasing cement content. As shown, the network of pores becomes finer (a greater proportion of smaller pores) as the quantity of cement in the particleboard increases. It is worth stressing that the increase in small pores (in the interval <100 nm) corresponds to decrease in the largest pores (>0.1 mm). Table 8 gives the values of total porosity for each of the PO particleboards based on mercury intrusion porosimetry testing described in section 2.2.1. As shown in Table 8 , the value of the total porosity for the test samples decreases with cement content. It is noteworthy that the total porosity for both the PO-C and the PO-N particleboards were sim ilar for the 1.5 and 3 cement mixes, however, for the boards containing the minimum cement (0.5), the PO-C samples had a lower porosity than the PO-N samples. Table 9 gives the epiradiator and single source flame test results along with the calorific values for each of the PO particleboard configurations. From the data it may be seen that the heat of combustion of PO boards is inversely proportional to the cement content. It may also be deduced from Table 9 that the state of the PO (natural or modified) has no influence on the calorific value of the particleboards, since the values for heat of combustion is similar for the two types of board.
Porosity
Reaction to fire
In reference to the comments in section 2.2.3, we decided to classify the PO-C and PO-N panels according the Spanish UNE 23727 norm because the final application and sample size are not considered. In addition, the current UNE EN 13501 classification may be estimated using the Table 6 . Commercial panels are classified as M4, according the out-dated Spanish norm UNE 23727, which means the material is easily flammable. These panels may be made more fire-resistant with flameretardants, which are capable of changing the classification to M1 (non-flammable). The PO-N and PO-C particleboards, independent of the quantity of cement utilized in their fabrication, are classified as M1 materials without any flame-retardant treatments. The particleboards with the least amount of cement experienced a slight emission of white fumes and darkening of the surface after exposure to a torch.
The PO-N particleboards produced an orange flame during the application of an open flame, but combustion stopped when the flame was removed. As such, particleboards are shown to be very fire-resistant.
In the flammability tests for combustion by direct action from a single flame, the surface of the particleboards was exposed to the flame for 30 seconds. Neither ignition nor smoke was produced in any of the tests after the flame was removed. The only results were alterations to the surfaces of the samples. There were not any significant differences due to the different mixes composing the samples, except that sample combustion was inversely proportional to the amount of cement content. Table 9 . Fire test results Fire-resistance, physical, and mechanical characterization of particleboard containing Oceanic Posidonia waste • 11 Figure 10 shows the particleboards before and after the single flame tests in which the toxicity analyses were conducted. As may be observed the most affected boards were those with the least cement content. Nevertheless, none of the particleboards caught fire or released smoke during the tests, they were only superficially affected.
Specimen
CONCLUSIONS
A large quantity of PO accumulates along the Mediterranean coast causing removal and disposal problems. This study looks at the possibility of combining PO and cement into a particleboard product. The conclusions of the study are as follows:
The form of the PO that is incorporated into the particleboard has an important influence on the physical and mechanical properties.
-As might be expected, the mechanical and dimensional stability improved considerably by increasing the quantity of cement used during fabrication. -Particleboards incorporating PO-N showed higher dimensional variation than particleboards made with PO-C due to leaf geometry. PO-N waste has less specific surface of PO available. For that reason, these panels have higher cement content per surface unit than PO-C panels. However, PO-C particleboards show lower surface absorption than PO-N particleboards. -The bending strength and the bending modulus of elasticity were not influenced by the form of PO used in fabrication, but rather by the concentration of cement used in fabrication. -In the surface soundness, axial screw withdrawal, and tensile strength tests, the form of the PO in the particleboards had a significant influence, with the PO-C particleboards showing better performance in these tests. The PO-N particleboards, manufactured with PO in its natural state, exhibited a laminar structure, while the PO-C particleboards have a more compact structure that gives a better cohesion to the particleboard. -As a result of the flammability tests, the materials were found to be not flammable. There was no flame development at the surface of the particleboards after flame application in testing, only superficial alteration.
